A method was developed for accurate measurement of the modulation transfer function (MTF) and signal-to-noise ratio in the spatial frequency domain (SNR( f )) of magnetic resonance images (MRI). The MTF was calculated from the complex images of a line object which were obtained by the subtraction of two separately acquired data sets of a specially designed phantom with a sliding sheet. Moreover, the SNR( f ) was calculated from the MTF and Wiener spectrum, both of which were determined using the same phantom configuration. The MTFs and SNR( f )s in the conventional spin-echo (SE) and turbo SE, in which the effective echo time was set to the first echo, were evaluated by changing the T2 of the phantom and the echo train length. The MTFs in the positive and negative frequencies indicated the effect of the kspace trajectory for each pulse sequence. SNR( f )s gave spatial frequency information that was not obtained with conventional methods. In this method, the influence of image nonuniformity and unwanted artefacts (edge and ghost) could be eliminated. An analysis of the MTF and the SNR in the spatial frequency domain provides additional information for the assessment of image quality in MRI.
Introduction
The spatial resolution and signal-to-noise ratio (SNR) are key indicators (EEC Concerted Research Project 1988 , National Electrical Manufacturers Association 1988 , Price et al 1990 , Och et al 1992 , Lerski and de Certaines 1993 , Internal Commission on Radiation Units and Measurements 1996 in the evaluation of the quality of magnetic resonance images (MRI). In addition to quality control, they are also important in assessing the effect of alterations to MRI systems, or in comparing the pulse sequences.
There are a number of reports on methods to assess resolution properties (Sones and Barnes 1984 , Lerski et al 1987 , EEC Concerted Research Project 1988 , Mohapatra et al 1991 , Steckner et al 1992 , 1993 , 1994 , Lerski and de Certaines 1993 , Pipe and Duerk 1995 , Internal Commission on Radiation Units and Measurements 1996 , McRobbie 1997 , Bourel et al 1999 , Fain et al 1999 in MRI. Visual evaluation with bar patterns (Price et al 1990) or hole phantoms, and the development of pulse sequences to produce a point spread function (PSF) directly (Robson et al 1997) , have also been reported. Visual evaluation lacks objectivity, and pulse sequences producing a PSF cannot be readily created with commercial imaging equipment. Ideally, resolution properties in MRI should be quantified by the modulation transfer function (MTF) (Price et al 1990, Lerski and de Certaines 1993) . Steckner et al (1992 Steckner et al ( , 1993 Steckner et al ( , 1994 pointed out various problems in MTF measurements of MRI; for example, any nonconstant phase response can cause errors in MTF measurements obtained from magnitude images. To deal with these problems, they established a method for measuring the MTFs in positive and negative spatial frequencies from a complex edge spread function (ESF) (Steckner et al 1994) . However, with their method, measurements and processing are difficult and highly complex (Internal Commission on Radiation Units and Measurements 1996). Thus, we have developed a convenient new method to measure the MTF of MRI by using the subtraction of two separately acquired data sets of a specially designed sliding sheet phantom. We were able to obtain the MTFs in positive and negative spatial frequencies from the line spread functions (LSFs) of complex images of a line object.
In addition to the MTF measurement, we determined the Wiener spectra for nonstructured (random) noise (National Electrical Manufacturers Association 1988, Price et al 1990, Kaufman et al 1989 , Sijbers et al 1996 by using the same phantom configuration as for the MTF, and then calculated SNRs (Internal Commission on Radiation Units and Measurements 1996) for positive and negative spatial frequencies (SNR( f )s), because the SNR is not necessarily independent of spatial frequency. For example, because fast sequences such as the rapid acquisition relaxation enhanced (RARE) (Hennig et al 1986) sequence affect the MTF (Farzaneh et al 1990 , Holsinger and Riederer 1990 , Mulkern et al 1990 , Listerud et al 1992 , Norris et al 1992 , Vlaardingerbroek and den Boer 1996 , Melhem et al 1996 , Kholmovski et al 2000 , the SNR will be dependent upon spatial frequency.
There are no reports that both MTFs and SNR( f )s were actually measured and evaluated using the same phantom. The present report describes a 'subtraction method' for analysing the MTF and SNR( f ) using a process of subtraction of the complex images, and demonstrates the results of the RARE sequences in which the effective TE is set at the first echo.
Materials and methods

Phantom
As shown in figures 1(a)-(d), the phantom is structured so that a 70-mm-wide thin sliding polyethylene terephthalate (PET) sheet can be moved in and out of the image slice along a 50-mm-high Plexiglas guiding frame in a hemispheric Plexiglas container with an inner diameter of 170 mm. The thickness of the PET sheet was set at 400 µm, which was determined by increasing the thickness of the sheet (from 100 µm at intervals of 100 µm) until the SNR value of the integral LSF (= ESF) of the conventional spin-echo (SE) (see section 2.4) reached the same level as Stekner et al (1994) reported (SNR of the ESF phantom image = 210:1) . The SNR of the integral LSF was calculated by dividing the plateau value of the integral LSF by the standard deviation of the uniform phantom region in a subtracted magnitude image. If the PET sheet is too thin, the SNR becomes extremely low. However, because the MTF decreases at a high frequency along with the increase in the thickness of the PET sheet, correction of the thickness is required (for details, see section 2.2).
A solution, selected for its suitability for the study, is sealed inside the container. The solution does not leak out because the PET sheet fits the guiding frame with fluorine grease which is not mixed with the solution. Thus, it is possible to obtain measurements at various slice orientations. In this study, we prepared long T2 and short T2 phantoms to investigate the effects of T2 in the RARE sequences on the MTF and SNR. The long T2 phantom was filled with copper sulfate solution (CuSO 4 ·5H 2 O: 0.77 g/l), which gave a T1 of 423 ms and a T2 of 365 ms at 1.5 T, whereas the short T2 phantom was filled with manganese chloride solution (MnCl 2 ·4H 2 O: 0.05 g/l), which gave a T1 of 481 ms and a T2 of 52 ms at 1.5 T. These relaxation times of the solutions were determined with a multi-echo SE sequence interleaved with a multi-echo inversion recovery sequence (In den Kleef and Cuppen 1987).
MTF measurement and analysis
The MTF is carried out separately for the phase-encoding and frequency-encoding directions. The phantom is first placed in the relevant radio-frequency coil, and it is essential that the phantom is held completely still. At this time, a space of about 3 cm is ensured so that the PET sheet can be withdrawn. As shown in figures 1(a) and (b), the slice plane is positioned exactly perpendicular to the PET sheet and does not intersect the guiding frame. The line object is accurately aligned with the coordinate system of the imaging plane. In MRI, the MTF can be an unaliased MTF (Steckner et al 1993 (Steckner et al , 1994 because the raw data are acquired in the Fourier domain (Kholmovski et al 2000 , Riederer 1993 ). Thus, the angulated slit method (Fujita et al 1989 (Fujita et al , 1992 is not needed.
Initially, a first scan is done, and real and imaginary images are obtained (complex images A). Because the edge of the hemispherical phantom is blurred by the partial volume effect, the ringing artefact due to the phantom edge is reduced. The field of view (FOV) should be larger than the cross-sectional area to eliminate the aliasing artefact, and the raw data echo peak should be centred in the data acquisition window (Steckner et al 1994) . As shown in figure 1(d), the baseline of the LSF profile is distorted, causing low-frequency modulation, because the image uniformity of MRI systems is generally not so high (Lerski and de Certaines 1993) . Immediately after the first scan, the PET sheet is withdrawn about 2 cm so that the PET sheet and slice plane do not intersect. In order to minimize the effect of fluid motion, after 2 min, the second scan is made (complex images B) with exactly the same scan parameters as for complex images A. Complex images A are subtracted from complex images B so that a uniform LSF profile is obtained, and ringing artefacts induced by the edge of the hemispherical phantom and ghost artefacts are almost eliminated (figure 1(e)).
Next, more than 100 complex LSFs with sufficient length (in this experiment, 128 pixels) obtained from the subtraction image are averaged (Steckner et al 1994) , and the SNR of the LSF becomes higher. After a Fourier transform is conducted on the complex LSF data, the following calculation is needed to correct the thickness of the PET sheet. Uncorrected LSF (LSF (x)) and MTF (MTF ( f )) are expressed as equations (1) and (2):
where LSF(x) and MTF(f ) denote the correct LSF and correct MTF, * is convolution, rect(x) is the rectangle function due to the thickness (d) of the PET sheet, f is the spatial frequency and F represents the Fourier transform operator. Therefore, the correct MTF in positive and negative spatial frequencies is calculated with the following equation:
SNR( f ) measurement and analysis
We first determined the Wiener spectra. The subtraction method is intended to measure thermal and other broadband, nonstructured noise, and specifically does not address low-frequency variations in an image or artefacts as defined herein (National Electrical Manufacturers Association 1988, Price et al 1990, Internal Commission on Radiation Units and Measurements 1996, Kaufman et al 1989 , Sijbers et al 1996 . Structured noise such as motion or pulsation artefacts is also an important component of diagnostic images. Analysis of structured noise, however, must be conducted by a completely different method; therefore, it is not included in the present study. The technique we employed to calculate the digital Wiener spectrum is similar to the method established by Giger et al (1986) . The phantom configuration of the second scan in the MTF measurement described above is left unchanged, and the acquisition parameters are set according to the purpose of the experiment. Two identical scans are run sequentially with less than 5 min intervals between them (complex images C and complex images D). If complex images B are used as a substitute for complex images C, only complex images D are obtained under exactly the same scan parameter as complex images B. To eliminate structured noise and low-frequency variations in the images, noise images are calculated by subtracting complex images C and complex images D. The noise data have a mean value of almost zero because the subtracted images are uniform.
The Wiener spectra were evaluated for 128 × 128 pixels at the central part of the subtracted noise images. A hypothetical scanning slit (Fujita et al 1989 , Giger et al 1986 with a width of one pixel was made, and the slit length was determined by increasing the length of the slit until the Wiener spectral value reached a plateau (in this experiment, 16 pixels). The slit trace data are averaged with the noise data over a given slit length. The fast Fourier transform method is employed for the spectrum calculations, and the spectrum is multiplied by the slit length. The spectra in positive and negative frequencies obtained from all the slit traces (in this experiment, 16 traces) are averaged, then smoothed by use of a running mean. The Wiener spectra of the original images are obtained by dividing the spectra of the subtracted images by 2 (Giger et al 1986) . Finally, the SNR( f )s are calculated from the Wiener spectra, the MTFs and mean signal intensities of the original (pre-subtracted) images (S ). SNR 2 (f ) (Internal Commission on Radiation Units and Measurements 1996) is defined as follows:
Experimental conditions
All scans were performed using the above-mentioned phantom with a loading device in the head coil on a 1.5 T MR system (Gyroscan ACS II, Philips Medical Systems International, Best, The Netherlands). Data were collected by the use of a conventional SE and RARE sequence (turbo SE) with the effective TE set to the first echo (Vlaardingerbroek and den Boer 1996, Melhem et al 1996) (figure 2). Echo train length (ETL) was changed to 1 (=conventional SE), 3, 7 and 15, and the effects of T2 relaxation (52 ms and 365 ms) were investigated for frequency and phase-encoding direction. When the ETL was 1, 3, 7 and 15, the number of phase encoded lines was 256 (256 segments), 255 (85 segments), 252 (36 segments) and 255 (17 segments), respectively. Therefore, the turbo SE acquisition time was about 1/ETL that of the conventional SE. All sequences were used with parameters of 1500/11 ms (TR/TE), 256 frequency-encoded points, 11 ms echo spacing, 3 mm slice thickness, 256 × 256 mm FOV and 4 signals averaged. The raw data matrix was zero padded to 512 × 512 to extend the spatial frequency axis and examine the cut-off frequency Figure 2 . Profile order of turbo SE which set effective TE at the first echo. The profiles are numbered according to the order of the k values in the phase-encode direction. The profile numbers are taken to be 0, +S, −S, +2S, −2S, 3S, −3S, . . . , nS/2 and −nS/2 for the first segment and followed by similar segments, but then started with another first profile number between (−S + 1)/2 and (S − 1)/2, until all profiles were sampled. S is the number of segments and n is ETL.
region of the MTF, and no filter such as a Hanning window was applied to the raw data. Shimming with linear gradient components was performed in all the imaging studies. Figure 3 shows the MTFs measured using the subtraction method. The MTF measurements with conventional SE correspond well with the results of Steckner et al (1994) (open circles in figures 3(a)-(d)). The MTF values fell dramatically at the theoretically predicted cut-off frequency in both the frequency-encode and phase-encode directions, and the MTF in the positive frequency had the same shape as that in the negative frequency. MTFs of the turbo SE in the frequency-encode direction, similar to the conventional SE MTFs, dropped sharply at the cut-off frequency in the form of a rectangular function (figures 3(a) and (c)). On the other hand, MTFs of the turbo SE in the phase-encode direction declined at high spatial frequencies with increases in ETL. The shorter the T2, the greater was the ratio of the decline in MTF (figures 3(b) and (d)). The turbo SE MTFs in the phase-encode direction were not symmetrical at a frequency of 0, and were stepwise because of the dependence on the T2-weighting and discontinuity of each segment of k-space (Vlaardingerbroek and den Boer 1996) (figure 3(b) and (d) ). Thus, the MTF calculated from the complex LSFs, which retain image phase information, was not always symmetric for the frequency of 0 (e.g., half Fourier reconstruction algorithm (Steckner et al 1994) ). Therefore, there are cases in which the twosided MTF provides more detailed information on MRI resolution properties which cannot be obtained from the magnitude image MTF. It is clear, then, that if the k-space trajectories of the pulse sequence and the T2 relaxation time are known, the MTF can be simulated. However, when confirming the simulation, or when the details of the pulse sequence are unknown, the MTF can be determined by this method. Because the raw data themselves for the Fourier transform MRI reconstruction correspond to the spatial frequency (Kholmovski et al 2000 , Riederer 1993 , it may be possible to analyse the MTF directly from the raw data. However, it is difficult to extract raw data on all commercial MRI imagers, and to obtain a sufficient SNR to calculate the MTF. Therefore, averaging a number of LSFs in the image domain and combining the subtraction and deconvolution processes to raise the SNR is a convenient and reliable method. Actually, the SNR of the LSF with this method was at the same level as the edge method (Steckner et al 1994) . The plateau values of the rectangular MTF for the conventional SE were within the coefficient of variation of 2%. Although the edge method MTF has the highest SNR at low spatial frequencies (Cunningham and Reid 1992) , in MRI the edge method is difficult (Internal Commission on Radiation Units and Measurements 1996) and requires some corrections and processing (Steckner et al 1994) . With this subtraction method, the effects of image nonuniformity (Lerski and de Certaines 1993) could be easily corrected, and the LSF could be obtained directly without calculating from the ESF and without a correction of the discrete derivative (Steckner et al 1994) . Furthermore, Gibb's ringing artefact (Steckner et al 1994) induced by an unwanted edge of the hemispherical phantom could be removed, because the edge was blurred by a partial volume effect, and the subtraction process was performed in sequential images. At the same time, the effects of unnecessary artefacts such as a ghost could also be eliminated. However, when some systematic variations cannot be removed in the subtracted images because the scanner does not remain completely stable between acquisitions (National Electrical Manufacturers Association 1988, Magnusson and Olsson 2000) , one must use an alternate method with magnitude subtraction images and apply a polynomial fitting process (Giger et al 1986) . The MTF calculated from the magnitude subtraction images does not produce the distortions due to the nonlinear problem, but two-sided MTFs cannot be obtained because the phase information in the image domain is removed by the magnitude operator (Steckner et al 1994) . Figure 4 shows the Wiener spectra measured with the subtraction method for computing the SNR( f ). With both the conventional and turbo SE, the Wiener spectra in the frequency-encode and phase-encode directions were constant up to the cut-off frequencies, and then dropped rapidly beyond the cut-off frequency. These results indicate that, without some kind of spatial frequency filter, the Wiener spectrum is independent of spatial frequency until the cut-off frequency. The Wiener spectrum could be measured with the same phantom configuration as for MTF measurements, so that the SNR( f ) could be easily and accurately obtained, as shown in figure 5 . In both the frequency-encode and phase-encode directions, the SNR 2 ( f )s of the conventional SE had the same shape and dropped sharply at the cut-off frequency (open circles in figures 5(a)-(d)) because the MTFs and the Wiener spectra were cut off above the Nyquist frequency due to the finite sampling effect. The SNR 2 ( f )s of the turbo SE in the frequency-encodedirection also gave the same results as conventional SE (figures 5(a) and (c)). In the frequency-encode direction,the SNR 2 ( f )s showed an average difference of 32% between the long T2 and short T2 phantoms (figures 5(a) and (c)). This was due to differences in the respective T2 and T1 of the phantoms, because the coil loading of each solution was nearly the same. This difference corresponded with the theoretical value (33%) calculated with the relaxation times of each solution.
Results and discussion
MTF
SNR( f )
In the phase-encode direction, the SNR 2 ( f )s of the turbo SE decreased with increases in ETL. The shorter the T2, the greater was the ratio of the decline in SNR 2 (figures 5(b) and (d)). However, SNRs without spatial frequency information of the conventional SE and all turbo SE measured with the standard test method (National Electrical Manufacturers Association 1988 , Price et al 1990 were nearly the same for each of the phantoms; the turbo SE acquisition time was about 1/ETL that of the conventional SE. Thus, in evaluations of fast pulse sequences such as RARE SE, there are times when evaluation of SNR that does not have frequency information is insufficient, and evaluation of the SNR in the spatial frequency is more useful. Moreover, as in the SNR 2 ( f ) of the turbo SE in the phase-encode direction (figures 5(b) and (d)), the SNR 2 ( f ) did not have perfect symmetry in the positive and negative frequencies, indicating the need for evaluations of both frequencies.
Conclusion
We have developed a 'subtraction method' with which the MTF and SNR in the positive and negative spatial frequencies can be evaluated easily under the same phantom configuration. With this method, the influence of image nonuniformity and unwanted artefacts could be eliminated. The analysis of the MTF and SNR in the spatial frequency domain by use of the subtraction method provides additional information for MR image quality assessment and may be useful for the evaluation of pulse sequences.
